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We report the creation of a low-loss, broadband optical antenna giving highly directed output
from a coherent single spin in the solid-state. The device, the first solid-state realization of a dielec-
tric antenna, is engineered for individual nitrogen vacancy (NV) electronic spins in diamond. We
demonstrate a directionality close to 10. The photonic structure preserves the high spin coherence
of single crystal diamond (T2 >∼ 100µs). The single photon count rate approaches a MHz facilitating
efficient spin readout. We thus demonstrate a key enabling technology for quantum applications
such as high-sensitivity magnetometry and long-distance spin entanglement.
The electronic spin associated with the nitrogen va-
cancy (NV) center in diamond constitutes a versatile
quantum system with applications in nanoscale magne-
tometry [1–3], quantum communication [4–6] and quan-
tum information processing [7]. NV spins in clean, single-
crystalline diamond exhibit remarkable coherence times
up to milliseconds even at room temperature [8] and can
be initialized and read out optically [9]. For the majority
of applications of NV center spins, the efficiency of collec-
tion and detection of the broadband NV photolumines-
cence (PL) is an essential figure of merit. For example,
increased NV PL detection rates lead to improved sen-
sitivities in magnetometry applications [10] and higher
two-photon interference rates for entangling remote NV
spins [7]. These collection efficiencies, however, are in-
trinsically limited by the non-directional emission of NV
PL and total internal reflection between the high-index
diamond host material and its low-index surrounding.
To overcome these obstacles and to improve the photon
collection efficiency from NV spins, several approaches
are currently being pursued. Total internal reflection
can be reduced by employing solid immersion lenses
(SIL) [11, 12] or diamond nanocrystals [13]. Conversely,
the directionality of NV emission can be improved by op-
tical waveguides [14, 34], resonators [16, 17] or metallic
optical antennas [13, 18]. However, all these approaches
suffer from severe drawbacks. SILs and nanocrystals
hardly address the directionality of the NV emission, and
diamond nanocrystals generally exhibit poor spin coher-
ence times [10]. Waveguides and resonators only oper-
ate in a narrow wavelength range and are therefore ill-
suited for broadband emitters such as the NV center and
metal-based approaches [13, 18] are plagued by high op-
tical losses. Recently, a new, alternative approach based
on a layered, dielectric optical antenna was proposed
and demonstrated for individual molecules in a low-index
polymer matrix [19]. Such a “dielectric optical antenna”
stands out due to its broadband and almost loss-less op-
eration, which can in principle yield near-unity collec-
tion efficiencies for single emitters [20]. However, de-
spite their attractiveness, dielectric optical antennas have
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FIG. 1: (a) Schematic of the high-index dielectric antenna
structure: a thin diamond membrane containing nitrogen va-
cancy (NV) centers is bonded to a gallium phosphide solid
immersion lens (GaP SIL). The majority of the NV photolu-
minescence (PL) is emitted within the critical angle θ ∼ 47◦ of
the GaP-diamond interface (corresponding to emission within
an NA ∼ 0.73). (b) Positioning of the transferred diamond
membranes onto the GaP SIL using a micromanipulator. (c)
Room temperature PL spectrum of a single NV center col-
lected through the dielectric antenna. PL studied in this work
passes through a (675±50) nm bandpass filter to improve the
signal-to-background ratio.
never been realized for the NV center in diamond where
they are particularly well-suited: in addition to their ex-
cellent performance, they can be manufactured from high
quality single crystal material where the spin coherence
is high. The concept is general and versatile: it is poten-
tially powerful for other broadband solid-state emitters.
In this Letter, we present the first experimental real-
ization of a dielectric optical antenna for an NV center
in diamond demonstrating low-loss, broadband operation
with a highly directional output, all while preserving the
spin coherence of the starting material. As a central nov-
elty, our work promotes the concept of a dielectric opti-
cal antenna for quantum emitters in the solid-state and
moreover demonstrates successful antenna-operation for
a high-index host material, where light-extraction is par-
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2ticularly challenging. Our antenna is based on a thin,
single-crystalline diamond membrane directly bonded to
the center of a high-index SIL, as illustrated in Fig. 1(a).
The three layers consisting of air (refractive index n =
1.0), the diamond film (n = 2.4) and the gallium phos-
phide (GaP, n = 3.3) SIL together form the antenna and
lead to the highly directional NV emission. Crucial to
the operation of our antenna is the use of a SIL mate-
rial with a refractive index higher than that of diamond.
This index contrast and the thin diamond membrane are
at the heart of the operation of our antenna as they lead
to preferential photon emission into the high-index mate-
rial [21]. The only readily available SIL material with re-
fractive index significantly larger than 2.4, showing trans-
parency over the NV emission spectrum, is GaP [22], with
an index 3.3. The planar interfaces air-diamond-GaP
form the dielectric antenna. Efficient out-coupling of the
photons from the GaP can be achieved with a hemispheri-
cal shape [23]: photons originating from the antenna have
normal incidence at the GaP-air interface, preventing to-
tal internal reflection, Fig. 1(a). We therefore employ a
hemispherical GaP SIL.
In order to obtain a diamond film of suitable thickness
for our antenna, we fabricate diamond membranes (with
typical dimensions: ≈ 20 µm × 20 µm × 4 µm) from
commercially available single crystal diamond [24]. Ex-
ploiting recently developed top-down diamond nanofabri-
cation techniques [3, 34] we structure arrays of free stand-
ing membranes with predetermined breaking points [24].
We then detach the membranes using the sharp tip of a
micromanipulator and transfer them to the flat surface
of the GaP. The GaP SIL has radius 1.00 mm and was
fabricated from bulk material by mechanical polishing.
The correctly positioned diamond membranes bond to
the SIL surface by van der Waals forces, Fig. 1(b). As
a last step, we adjust the thicknesses d of the diamond
layer by further thinning of the bonded membranes by
successive reactive ion etching steps [24].
The PL emission from optical dipoles embedded in
dielectric antennas exhibits characteristic radiation pat-
terns [19], signatures of the antenna effects we wish to
demonstrate and exploit. We record these radiation pat-
terns for native NV centers in our antenna structures
through back focal plane (BFP) imaging. The NV PL
is excited using a pulsed, tunable laser source (NKT
EXW-12, λ = 560 nm, repetition rate 78 MHz) and de-
tected using a narrowband filter to isolate the strongly
wavelength-dependent interference features. As a first
step, we image the PL of NV ensembles in antennas with
d = 815 nm and d = 560 nm, Fig. 2(a),(c). We observe a
radiation pattern consisting of multiple interference rings
whose positions strongly vary with d. For all our BFP
images, the NV PL is confined to within a maximal emis-
sion angle θc,1 which corresponds closely to the critical
angle at the diamond-GaP interface (∼ 47◦). This ob-
servation demonstrates highly directional NV emission
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FIG. 2: Angular radiation patterns of NV ensembles in the
dielectric antenna obtained by back focal plane (BFP) imag-
ing for (a) d = 815 nm and (c) d = 560 nm. (b),(d) Average of
the measured BFP images over azimuthal angle φ and calcu-
lated emission patterns. (e) Broadband emission pattern of a
single NV center. (f) Calculated BFP image for an NV center
in a diamond membrane with d = 155 nm and h = 140 nm.
The color-bar applies to all images in the figure. (a) - (d) use
a (680± 5) nm bandpass filter, (e) a (675± 50) nm bandpass
filter.
into a numerical aperture NA ∼ 0.73. Importantly, this
value is significantly smaller than the NA of 0.8 of the
microscope objective we employ. In addition, we observe
a region of relatively low PL intensity, bounded by an
angle θc,2, in the center of each BFP image. This region
corresponds to PL light escaping the antenna through
the diamond-air interface. Due to the collection through
the GaP material, the observed value thus corresponds
to the critical angle between GaP and air, θc,2 ∼ 18◦.
For a detailed analysis of the radiation patterns, we
average the measured BFP images over the azimuthal
angle φ and compare the resulting emission profile to
an analytical calculation, Fig. 2(b),(d). These calcu-
lations rely on established procedures for the analysis
of the far-field emission from layered, dielectric struc-
tures [21, 25, 36] (for details see Ref. [24]). We use
tabulated values for refractive indices of diamond and
GaP [27] and account for the NV PL spectrum by intro-
ducing wavelength-dependent weighting factors for the
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FIG. 3: (a) PL images of individual NV centers recorded
through the SIL and through the backside of the antenna.
(b) Photon autocorrelation measurement g(2)(t) of NV center
#1 using pulsed excitation. The data shows g(2)(0) <∼ 0.1
and an exponential PL decay with a lifetime τ = (15.4 ±
0.2) ns. (c) Comparison of PL saturation of a single NV in
the dielectric antenna when detecting through the GaP SIL
and through the backside of the antenna. NV PL is detected
using a (675± 50) nm bandpass filter.
emission profile which we discretize in steps of 5 nm. For
both values of d, we detect PL from a large ensemble
of NVs in the diamond membrane and we assume these
NVs to be homogeneously distributed and randomly ori-
ented. With the exception of the highest emission angles
θ ∼ θobj, our experimental results show excellent agree-
ment with the theoretical expectations. In particular,
the characteristic oscillations we observe allow us to de-
termine precisely the only free parameter in our fit, the
thickness d of the diamond layer, which we find to be in
good agreement with independent measurements [24].
Upon further thinning of the diamond membrane, the
areal density of NV centers gradually decreases until
eventually for a thickness of d <∼ 150 nm, we are able
to observe NV emission from isolated spots, Fig. 3(a).
Figure 2(e) displays the angular radiation pattern of the
broadband PL of such a spot. This emission pattern
agrees well with the calculated BFP image for a single
NV center, Fig. 2(f), which we obtain using only two free
parameters: d and the distance h of the NV center from
the diamond-GaP interface [37]. We achieve best agree-
ment between simulation and experiment for d = 155 nm
and h = 140 nm.
To substantiate further that our observed isolated
emission spots indeed stem from single NVs, we deter-
mined the photon autocorrelation function g(2)(t) of the
detected PL. Figure 3(b) shows g(2)(t) measured on NV
#1. The data exhibits strong photon antibunching with
g(2)(0) <∼ 0.1 and a decay of the pulsed PL on a timescale
τ = (15.4± 0.2) ns. The decay time is a typical NV cen-
ter fluorescence lifetime: this value therefore shows that
our antenna fabrication process did not induce unwanted
non-radiative decay channels for the NV.
To study the directionality η of single-photon emis-
sion from our antenna, we compare PL emission rates
detected through the SIL and through the backside of
the antenna, upper and lower panel in Fig. 3(a), respec-
tively. Our confocal scans reveal several single NVs (la-
belled #1 − #5 in the figure) scattered throughout the
diamond membrane. Strikingly, NVs appearing bright
through the antenna show reduced brightness when ob-
served from the backside and vice versa, indicating that
different NVs exhibit different degrees of directionality.
We assign this variation to different vertical positions h
for the individual NV centers, which results in varying
coupling efficiencies to the antenna mode.
For a more quantitative analysis of the antenna direc-
tionality, we compare the saturated PL count rate I∞ of
the well-coupled NV #1, measured through the GaP SIL
and from the antenna backside. We obtain I∞ by fit-
ting the measured PL saturation curves, Fig. 3(c), with
I(P ) = I∞ (1 + P/Psat)
−1
+b ·P [4], where P is the laser
power, Psat the saturation power and b · P accounts for
background fluorescence. For PL detection through the
SIL, we find I∞,SIL = (633 ± 10) kcps, while we obtain
I∞,bs = (68 ± 2) kcps for backside detection [38]. This
corresponds to an enhancement of the detection rate by
the antenna which we directly relate to the directionality
of our antenna, i.e. we find η = 9.3.
We note that the directionality is an underestimate of
the directionality of the dielectric antenna itself as ∼ 45%
of the NV emission is lost on out-coupling, ∼ 30% by re-
flection at the GaP-air interface (a consequence of the
abrupt change in reflective index) and a further ∼ 10%
by scattering losses (a consequence of imperfections in the
GaP material [24]). We also note that a possible source of
systematic error is the fact that our current realization
of our antenna demands slightly different experimental
conditions for top- and bottom-side collection. Specifi-
cally, top-side collection was performed in a non-confocal
imaging mode since the emission pattern of our antenna
has poor overlap with the Gaussian mode of the single
mode fiber which represents the “pin-hole” in our micro-
scope. Backside collection, however, was performed with
confocal detection via a single mode fiber since the high
density of NVs in our antenna did not allow us to iso-
late single NVs otherwise. However, we expect back-side
confocal detection to be very efficient [24] such that the
systematic error is small. We emphasize that η = 9.3
represents the performance of the entire antenna device
without correcting for known losses at the GaP-air in-
terface. For the d and h as determined from the radi-
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FIG. 4: (a) Optically detected magnetic resonance (ODMR)
of the NVs highlighted in Fig. 3(a) (| ~B| ∼ 4 mT), each exhibit-
ing a different orientation within the diamond lattice. The low
ODMR contrast results from the low microwave power at the
NV location. (b) ODMR amplitude of NV #1 imaged in the
back focal plane. (c) Hahn spin echo measurement on NV #4
yielding T2 = (114± 9) µs (| ~B| ∼ 11.5 mT).
ation pattern for NV #1, the NA of the objective lens,
and including reflection losses at the GaP-air interface,
we calculate a directionality of η = 13.9, slightly higher
than the measured value.
With single NV centers isolated in our dielectric an-
tenna, we now turn our attention to their electronic spin
properties. To that end we perform optically detected
magnetic resonance [9] (ODMR) on individual NVs in
our antenna. The ODMR resonance frequencies are de-
termined by the strength of an external magnetic field
~B and the orientation between the NV axis and ~B. We
apply ~B in an oblique direction with respect to the four
possible NV axes such that ODMR allows us to differ-
entiate NVs with different orientations. Fig. 4(a) shows
ODMR for NVs #1-4 in a static magnetic field. ODMR
enables us to probe the spin dependence of the BFP im-
age in Fig. 2(c). We record the difference of PL in the
BFP when driving the NV on and off spin resonance.
The corresponding, spin-resolved BFP image is shown in
Fig. 4(b) and is, up to a constant scaling factor, iden-
tical to Fig. 2(c). In particular, the ODMR contrast is
constant throughout the BFP and no ODMR contrast is
detected in the BFP when we drive the spin resonance of
one of the NV #1’s neighbors (all of which have orienta-
tions different to NV #1).
Finally, we use coherent manipulation of the NVs’
electronic spins to probe their T2 times (strictly, the
Hahn echo coherence times). Fig. 4(c) shows a Hahn-
echo measurement performed on NV #4. We find T2 =
(114± 9) µs, which is typical for the chemical vapor de-
position diamond material we employ here. This demon-
strates that fabrication of the dielectric membrane pre-
serves the long NV electronic spin coherence times.
The radical change in the radiation patterns and the
highly directed PL emission from single NVs demonstrate
proper operation of the dielectric antenna. However, sev-
eral factors still limiting its performance could be im-
proved in future experiments. The losses at the GaP-air
interface could be avoided primarily by an antireflection
coating, but also by smoother surfaces; the losses at large
angles need to be investigated and mitigated. A slight
improvement can be gained by optimization of d and
h: according to our calculations, PL collection efficiency
can be increased from the present 95% (d = 155 nm,
h = 140 nm) to above 99% [24]. Lastly, the emission
mode of the antenna can be improved by using (111)-
oriented diamond where the NV emission dipoles show
an orientation better suited for our antenna [34]. We
note also that the use of an optimized background filter
would readily reduce the losses in our setup which are
presently ∼ 25%, Fig. 1(c). Altogether, an improvement
in the NV PL detection efficiency by close to one order
of magnitude can be envisaged.
In summary, we have for the first time applied the pow-
erful concept of a dielectric optical antenna [19] to single
quantum-emitters in the solid-state. We have demon-
strated successful antenna operation and the addressing
of single NV spins in the antenna. The antenna has
broadband operation and it preserves the advantageous
optical and spin properties of the single crystal diamond
starting material. With the high antenna-directionality,
photon collection efficiency and spin coherence times
we were able to demonstrate simultaneously, our results
present significant advances over previous approaches in
the field of diamond nano-photonics [11–14, 16–18, 34].
Further improvements to our structure should allow for
record-high single NV count rates in the range of sev-
eral MHz. Our antenna design is immediately applicable
to a variety of applications ranging from wide-field mag-
netic imaging [28] to nanoscale nuclear spin detection [29]
and entanglement of remote spins [7], where in all cases
it is poised to lead to a significant leap in performance.
Finally, we emphasize that our approach is not limited
to NV centers – other color centers in diamond [30] can
also profit from the antenna – or even to diamond itself:
SiC [31] and other solid-state hosts can be integrated into
planar dielectric antennas.
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6FIG. 5: SEM image of the FOX pattern transferred into the
diamond. Note the membranes with different sizes as well as
the holding structures.
Supplementary Information
Details of the fabrication process for the thin diamond
membranes as well as their transfer to GaP solid immer-
sion lenses (SILs) are presented. The calculations of the
radiation pattern of the antenna are introduced. In ad-
dition, we present absorption measurements on the GaP
material we employed.
S1. Sample fabrication
Sample details
We use a single crystal, chemical vapor deposition
diamond sample (thickness 21.4 − 21.9µm) double-side
polished to an optical finish (typically Ra < 3 nm) from
Delaware Diamond Knives, Inc. The sample consists
of optical grade diamond with an impurity content of
[Ns]
0 < 1 ppm and [B] < 5 ppb. Prior to processing, the
sample is cleaned in boiling triacid (sulphuric acid, nitric
acid and perchloric acid, mixed to 1:1:1) and rinsed
in de-ionized water and solvents (acetone, ethanol,
isopropanol) to remove any residual contamination from
the polishing.
Fabrication of thin diamond layer
To ease sample handling, the diamond is thinned down
only in a small region of approximately 300 × 600µm2
using inductively coupled plasma reactive ion etching
(ICP-RIE, Sentech SI 500). We employ an alternating
plasma sequence with 10 mins of Ar/Cl2 plasma (ICP
power 400 W, bias power 250 W, reactor pressure 1 Pa,
40 sccm Cl2, 25 sccm Ar) followed by 20 mins of O2
plasma (ICP power 700 W, bias power 100 W, reactor
pressure 1.3 Pa, 60 sccm O2). The Ar/Cl2 plasma aids
FIG. 6: SEM image of free standing membranes after mask
removal and cleaning.
FIG. 7: Micromanipulator detaching of diamond membranes,
the smallest with size around 10× 10µm2
in maintaining the surface quality throughout the long
etching process [33]. We estimate etch rates of 2.9µm/h
and 8.4µm/h for the Ar/Cl2 and the O2 plasma, respec-
tively. The diamond is etched down to a final thickness
of 5.9 − 3.7µm (local thickness variation inherent to
etching/masking process). After etching, the sample is
immersed in buffered oxide etch (BOE) solution and
again cleaned as described in the previous paragraph.
Scanning electron microscope (SEM) images reveal no
resolvable roughness throughout the thinned region of
the diamond.
Fabrication of micro-structured diamond mem-
branes for photonic device fabrication
To ease placement and bonding of the diamond on the
GaP SIL, the thin region of the diamond is structured
to yield smaller diamond membranes (sizes between
10 × 10µm2 and 50 × 50µm2). To this end, we pattern
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FIG. 8: Scanning laser confocal image of a thinned diamond
membrane on GaP SIL. Note the blackened edges of the mem-
brane and the occurrence of some needles. By measuring the
step between the GaP and the diamond membrane’s upper
surface, we determine a thickness for the diamond membrane
of ≈ 0.920µm
the sample from the as yet non-etched side. We use
electron beam lithography (30 keV) to pattern a layer
of FOX-16 negative electron beam resist (Dow Corning)
on a 2 nm Ti adhesion layer. For details of the mask
fabrication see Ref. [34]. To transfer the pattern into
the diamond, we first use a 50 s Ar sputtering process in
our ICP-RIE to remove the Ti adhesion layer (plasma
parameters: 0.4 Pa, 50 sccm Ar, 500 W ICP, 300 W
bias power). Diamond etching starts with a plasma
containing 50% Ar and O2 respectively (gas flow 50 sccm
each, 0.5 Pa, ICP power 500 W, bias power 200 W). This
plasma yields steep sidewalls and smooth surfaces in the
non-masked areas [34]. However, it also introduces a
significant amount of FOX mask erosion. After 8 mins
we thus change to a pure O2 plasma (ICP power 700 W,
bias power 100 W, reactor pressure 1.3 Pa, 60 sccm O2)
to decrease mask erosion and etch through the diamond
to yield free standing membranes. Part of the pattern
can be seen in Fig. 5. After the etching, the FOX mask
is removed in BOE and the sample is acid cleaned again.
Examples of free standing membranes are shown in Fig. 6.
Transfer of membranes and thickness tuning
The pre-defined membranes are detached from the sam-
ple using the glass tip of a micromanipulator (Narishige
MMO-202ND), see Fig. 7. They are placed at the cen-
ter of the SIL using the micromanipulator tip and bond
by van der Waals forces. To ensure optimal performance
of the dielectric antenna devices and to investigate an-
tenna performance in detail, the transferred membranes
are thinned using ICP-RIE while attached to the SIL
leading to thin membranes with well controlled thickness.
This is feasible as the O2 plasmas introduced above at-
tack the GaP SIL only weakly (estimated etch rate pure
O2 plasma 2.5 nm/min). To ensure the optimal thickness
of the diamond, short etch steps are performed and the
thickness of the fabricated diamond membrane is mea-
sured ex situ using a laser-scanning confocal-microscope
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FIG. 9: (a) Sketch of the dielectric antenna structure: a
thin diamond membrane with thickness d (n ∼ 2.4) contain-
ing a single NV center is bonded to gallium phosphide (GaP,
n ∼ 3.3). The NV center is located at distance h from the
GaP-diamond interface. The dependence of the emission pat-
tern from the polar angle θ can be described in terms of the
three basic dipoles Ep‖(θ), E
p
⊥(θ) and E
s
‖(θ). (b) Definition
of the spherical coordinate system (α, β) used to describe the
direction of the dipoles. (c) Particular orientation for the
dipoles d1 (in z-y plane, α = arctan 1/
√
2 tilted from the
z-axis) and d2 (aligned along the y-axis).
(Keyence, VK-X200K). Fig. 8 shows an optical image of
a diamond membrane on the SIL and the corresponding
thickness measurement.
S2. Calculations and estimation of collection
efficiency
Description of calculations
The calculation of the emission pattern of our antenna
structures relies on an asymptotic approach based on the
Lorentz reciprocity theorem [25]. As a first step, we cal-
culate the Fresnel coefficients for our 3 layer system con-
sisting of a thin (100)-oriented diamond layer (n ∼ 2.4)
located between a GaP (n ∼ 3.3) half-space and an air
half-space (n = 1), Fig. 9(a).
We determine the angular distribution of the emission
of a dipole embedded in a diamond layer of thickness
d at distance h from the GaP-diamond interface for a
given wavelength λ. To this end, we calculate the electric
field amplitude of a plane wave approaching the struc-
ture from infinity for different polarizations. We obtain
the basic angular dependence of the forward (+) and
backward (−) propagating s/p-polarized electric fields
E
(+)
s/p (θ) and E
(−)
s/p (θ) using the transfer matrix formal-
ism, as proposed in Ref. [35]. Then, we derive the three
basic quantities Ep‖(θ), E
s
‖(θ) and E
p
⊥(θ), which describe
the θ-dependence of the electric field of the three possible
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FIG. 10: Simulated back focal plane images for an NV center
with d = 155 nm and h = 140 for emission into air and GaP.
On the right, the corresponding emission pattern along with
the emission pattern of the two NV dipoles in vacuum are
shown.
dipole orientations, Fig. 9(a), for φ = 0:
E‖s (θ) = E
(+)
s (θ) + E
(−)
s (θ)
E‖p(θ) = E
(+)
p (θ)− E(−)p (θ)
E⊥p (θ) = E
(+)
p (θ) + E
(−)
p (θ)
(1)
While the radiation pattern is described by (θ, φ), we
introduce the spherical coordinates of the dipole orienta-
tion as (α, β) in order to describe the radiation pattern
of a skewed dipole Fig. 9(b). The p- and s- polarized
components of the electric field are then given by
Ep(θ, φ, α, β) = E
⊥
p (θ) cosα sin θ,
+ E‖p(θ) sinα cos θ cos (φ− β),
Es(θ, φ, α, β) = E
‖
s (θ) sinα sin (φ− β).
(2)
The emitted power density per solid angle dΩ is then
calculated via
P (θ, φ, α, β) ∝ n(θ) (EpE∗p + EsE∗s ) (3)
where n(θ) = nGaP for 0 < θ, pi/2 and n(θ) = nair for
pi/2 < θ, pi. In order to calculate the emission pattern
in the back focal plane, the standard apodization factor
cos−1 θ is introduced [36]:
I(θ, φ, α, β) ∝ 1
cos θ
P (θ, φ, α, β). (4)
Calculation of the BFP for a single NV
Fig. 9(c) displays the alignment of the optical dipoles in
the plane normal to the NV axis. We note that, assuming
an equal oscillator strength, the alignment of the dipoles
within this plane can be chosen arbitrarily. We account
for the NV PL spectrum by introducing a wavelength-
dependent weighting factor for the emission profile and
discretize the spectrum in 5 nm steps. We present the
theoretical collection efficiencies Pobj/(PGaP + Pair) for
the two basic dipole orientations P‖ and P⊥ within the
GaP-diamond dielectric antenna for different thicknesses
d and relative positions h/d. We calculate the total power
emitted by integrating the emission profile over the rele-
vant solid angle:
Pobj =
∫ 2pi
φ=0
∫ arcsin 0.8
θ=0
P (θ, φ, α, β) sin θdθdφ,
PGaP =
∫ 2pi
φ=0
∫ pi/2
θ=0
P (θ, φ, α, β) sin θdθdφ,
Pair =
∫ 2pi
φ=0
∫ pi
θ=pi/2
P (θ, φ, α, β) sin θdθdφ.
(5)
Integrating both emission patterns over their respec-
tive half-space (φ = 0...2pi, GaP: θ = 0...pi/2, air:
θ = pi/2...pi) yields the total emitted power. Comparison
with the power emitted up to the maximum the angle
which can be collected by the objective (φ = 0...2pi, θ =
0... arcsin(0.8)) yields the collection efficiency. Fig. 11
displays the calculated collection efficiencies as a func-
tion of d and h/d for a dipole aligned orthogonal (a)
and parallel (b) to the surface and for the NV emission
in [111] diamond (c) and [100] diamond (d). The effi-
ciencies are calculated for λ = 675 nm. The theoretical
collection efficiency is 95.7% for an NV center in [100]
diamond with d = 155 nm and h = 140 nm. Consider-
ing the entire broadband PL spectrum of an NV center,
we calculate a collection efficiency of 95.1% for the same
parameters after weighting the calculation with the NV
PL spectrum.
S3. Characterization of the absorption in the
employed GaP material
The transmission of a 860µm thick GaP slab was mea-
sured in order to estimate the absorption losses in the ma-
terial (A.W.I. Industries). The solid line in Fig. 12 shows
the normalized transmission spectrum of white light pass-
ing through the GaP slab. The spectrum reveals a strong
increase of transmission at 550 nm (associated with the
GaP band gap) and a rather constant transmission in
the region of interest from 600 nm to 750 nm and also at
longer wavelengths. The oscillating behavior originates
from interference effects. Due to difficulties in collimat-
ing a white light source, this way of measurement im-
plies a significant systematic error in the absolute trans-
mission. Therefore, the transmission was also measured
with coherent and collimated laser light, in this case at
λ = 926 nm. The resulting transmission of about 38%
is indicated in Fig. 12 with a blue square. Without any
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FIG. 11: Collection efficiency at λ = 675 nm for different pairs of h and d for dipoles aligned (a) orthogonal, and (b) parallel
to the GaP-diamond interface; and for NV emission in (c) [111] diamond, and (d) [100] diamond.
scattering and without any absorption we would expect
a transmission of 54% at this wavelength (indicated with
an orange triangle) simply from the reflection losses at
the two GaP-air interfaces. The additional losses are re-
lated either to absorption/scattering in the material or
to scattering at the surfaces. To differentiate between
the two possibilities, we measured the transmission also
through a thinner slab with 520µm thickness. Figure 12
shows that the losses reduce slightly, allowing us to de-
duce a loss coefficient of the GaP material, 0.098 mm−1,
and a surface scattering loss of ∼ 4% per GaP-air inter-
face. We note that the SILs are polished slightly better
than the slabs such that for the dielectric antenna struc-
ture, the main absorption/scattering loss arises from im-
perfections in the GaP material.
10
400 600 800 1000
0
10
20
30
40
50  Laser 926nm, d=860 µm
 Laser 926nm, d=520 µm
 Calculated value
 Halogen lamp, d=860 µm
T
ra
n
s
m
is
s
io
n
 [
%
]
Wavelength [nm]
FIG. 12: Transmission measurement of two GaP slabs (thick-
ness d) performed using a halogen white-light source and a
diode laser tuned to λ = 926 nm. The calculated value gives
the transmission estimated using Fresnel coefficients.
